Abstract Binary coded genetic algorithms (GA's) have been used effectively in topological design of discrete structural systems. In a majority of such applications, the structural topology is extracted from a pre-defined 'structural universe', a set of all permissible joints and elements that can be used in the development of the optimal design. In the presence of a dense 'structural universe', the GA search process must contend with very long string lengths, with the attendant degradation in the effectiveness of the search process. The present paper presents a novel approach for handling variable string lengths in GA-based topological design. Varying string lengths in a population requires a redefinition of the crossover process, and both inter-and intra-species crossover mechanisms are explored in the present paper. The use of micro-GA's is proposed as an approach to increasing the search efficiency in problems involving a large number of candidate topologies. The proposed strategies are implemented in representative algebraic problems, truss topology design, and the layout of a stiffened composite panel.
Introduction
Topology optimization problems are arguably among the most difficult class of design problems to which formal optimization has been applied. In the context of structural design, topology optimization could entail developing an optimal distribution of structural stiffness and mass in a design domain to carry a set of given loads to pre-specified supports. Topology optimization problems have been approached through the use of both mathematical programming and optimality criteria methods. More recently, stochastic search methods such as genetic algorithms and simulated annealing have been shown to be highly amenable to obtaining solutions to this class of problems. The advantage of these algorithms stems from the global nature of the search process, the ease with which heuristics can be incorporated in optimization, and their ability to accommodate discrete variables in the search process. There is, however, a significant increase in the number of function evaluations required to attain an optimal solution. Questions also arise as to the ability of the method to handle large-scale design problems.
From a historical perspective, the pioneering work of Mitchell (1904) , related to the optimal layout of a truss, is cited amongst the earliest contributions to structural topology optimization. The finely ordered mesh of nodes and elements reported as optimal layouts in his work, although of little practical significance, provides bounds on the optimal solution and general guidelines to the expected topologies. In a review article, Kirsch (1989) commented that "numerical methods for topological optimization of discrete structures are still in the early stages of development. Rigorous methods of this type have still to be developed". Topological design has evolved considerably since that time. Most notably, there has been significant activity in the development of homogenization methods for topology design (Bendsoe and Kikuchi 1988; Suzuki and Kikuchi 1991) . Generalized optimality criteria methods (Zhou and Rozvany 1992, 1993) have also emerged over this period as a powerful approach to topology and layout problems.
The use of GA-based searches in topology optimization developed out of a need for a more general approach, applicable to both static and dynamic structural response constraints. These include structural topology determination and sizing for strength, stiffness, and structural stability requirements. Genetic algorithms are based on a stochastic search process that has as its philosophical basis Darwin's postulates of the 'survival of the fittest'. The application of this approach in top-ology optimization is particularly potent; the approach is naturally applicable to design problems with discrete variables typical in topology design of structures, and offers an increased probability of locating the global optimum in non-convex design spaces. Among the earliest reported work in structural topology optimization using genetic algorithms was an approach to developing optimal topologies of truss systems (Hajela et al. 1993; Hajela and Lee 1995) . Given a set of supports, concentrated loads, and possible node points in a structural domain, the problem is one of determining the optimal element connectivity and member sizing that results in a leastweight structure that also satisfies prescribed design constraints. This work may be regarded as a derivative of the ground structure approach, in which a structural universe is specified in terms of a number of node points and the allowed connections between these points. If the total number of node points is J, and every node point can be connected to every other node in this structural domain, there are a total of J(J − 1)/2 possible element connections in the structure. Denoting the presence or absence of an element by an integer variable t i that can assume values of 1 or 0, and the member crosssectional areas by a i , the optimization problem deals with the determination of t i and a i to minimize the structural weight subject to some response constraints. Furthermore, additional requirements on the structural geometry may also be stipulated in the constraint set. Such requirements may include, for example, that all support points be utilized in the load-bearing process. In this problem statement, the cross-sectional areas may be treated as continuous design variables with prescribed lower and upper bounds, or may be selected from a discrete set.
In genetic algorithm-based topology design, the ground structure formulation is convenient from the standpoint of representing the population of designs. The maximum number of permissible connections is known a priori and this fixes the length of the binary bit strings representing the designs. As the number of possible structural connections increases (larger or denser ground structures), or in problems in which member sizing is performed in conjunction with topological design, increased bit string lengths are required. Such increases in string lengths normally require an attendant increase in the population size to retain the effectiveness of the search process.
The present paper explores the use of variable string lengths in GA-based structural topology optimization. While the ground structure concept is still used to define the allowable topologies, fixed string lengths are not stipulated as a requirement. Consequently, different classes of topology are represented by binary bit strings of different lengths. The paper explores the crossover mechanism in the presence of varying string lengths. Both interand intra-species crossover mechanisms were studied, in which a species is characterized by a design with a given string length and representing a specific admissible topology. In cases in which crossover was restricted to designs representing a particular topology (intra-species crossover), the micro-GA (Krishnakumar 1989) approach was implemented as a mechanism for enhancing the efficiency of the search process.
GA's in topology optimization
Consider a ground structure of the type shown in Fig. 1 . The admissible nodes, supports, and discrete structural connections (indicated by dotted lines) define a structural universe from which the optimal set of connections must be extracted for a given load case. In a binary coded GA with structural members of a fixed size, a string of 0's and 1's indicating the absence or presence of a structural member, respectively, defines a given topology. It is easy to see that as the density of admissible nodes and structural members in the structural universe increases, the binary string lengths also increase. For a string of length M , the number of design alternatives represented by the string can be as large as 2 M . For the GA-based search to be effective, the population size must increase in order to adequately sample enough designs during every generation of evolution. This increase in population, however, contributes to increased computation costs.
It is possible to denote different topologies from the same structural universe by strings of different lengths. 
